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We have adapted for glucose determination a new approach to kinetic analyses [Anal. Chem. 50, 1611(1978) ];
it is 50-fold less dependent upon some experimental variables than is a more conventional rate method. Modification of a commercially available hexokinase/glucose-6-phosphate dehydrogenase reagent system for glucose provides that the rate of production of NADH be first-order in-total glucose concentration within about 30 s after sample and reagent are mixed. In the kinetic We report the establishment of conditions by which the hexokinase/glucose-6-phosphate dehydrogenase coupledreaction system can be used for the kinetic determination of total glucose, and the adaptation of this reaction system to a new approach for kinetic analyses (1) in which dependencies upon experimental variables are much closer to equilibrium methods than to the more common kinetic methods. The reaction system becomes first-order in total glucose (a-and f3-D-glucose) in less than 30 s after sample and reagent are mixed, and the kinetic method is as much as 50-fold less dependent upon some experimental variables than is a conventional rate method with which it is compared. Although the hexokinase/glucose-6-phosphate dehydrogenase reaction system has been used extensively in equilibrium methods for glucose determinations (2) , there have been relatively few reports of kinetic methods based on this reaction system. The principal problem arises from the fact that although hexokinase (EC 2.7.1.1) is equally active for both the a-and 13-forms of D-glucose, glucose-6-plosphate dehydrogenase (EC 1.1.1.49) is selective for 13-D-glucose 6-phosphate; moreover, reaction kinetics are complicated by the anomerization of a-D-glucose 6-phosphate to f3-D-glucose 6-phosphate. We will discuss later how we resolved this problem.
Although it is generally acknowledged that kinetic methods offer advantages of increased speed and decreased dependence on interfering side-reactions, there still is a general reluctance to use kinetic methods for substrates and other metabolites because of the dependence of kinetic results on variables such as temperature, pH, reagent composition, enzyme activity, and the possible presence of inhibitors and activators in samples.
In the discussion of a proposed glucose reference method (2) These and other results are discussed in more detail below.
Materials and Methods

Reagents
All solutions were prepared in distilled water that had been passed through beds of cation-and anion-exchange resins. The reagent concentrations and procedure described below correspond to initial concentrations (per liter) in the reaction cell of: 1.4 mmol of ATP-Mg2, 1.4 mmol of NAD+, 12.5 mmol of N-benzoyl-a-D-glucosamine, and 3.33 smol of D-glucose 6-phosphate.
Procedure
All experiments were performed with an automated stopped-flow instrument described previously (4) . The reagent is prepared in advance and supplied to the reagent side of the sampling system; standards and samples are delivered to the sample side of the sampling system by a turntable. The stopped-flow system mixes equal volumes of diluted sample and reagent in the observation cell. 
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f's (7), a-D-glucose 6-phosphate will not react to produce an equivalent amount of NADH until it anomerizes to the 13-form. Therefore, both k2 and k3 must be larger thank1 if the method is to be applicable to total glucose, and our first experiments were designed to establish conditions to satisfy these requireme#{241}ts.
Inhibitor Concentration
Preliminary work with the indicator reaction yielded response curves similar in shape to that in Figure 2 . The initial rapid rise corresponds to the $-D-glucose 6-phosphate reaction and the gradual rise at longer times corresponds to the spontaneous anomerization of a-D-glucose 6-phosphate to the 13-anomer. These and other similar data were processed to obtainvaluesofkj = 0.1 s',k2 = 0.055s',andk3 = 0.3s for the pseudo-first-order rate constants in the reaction sequence given above. If the reaction is to follow apparent first-order kinetics, k2 must be larger than k1, which is not the case for the unmodified reagent system. Because it was impractical to increase k2 independently of we chose instead to decrease k1 by adding N-benzoyla-D-glucosamine, which acts as a competitive inhibitor for hexokinase.
The extent to which k1 was reduced involved a compromise between a desire to have h1 <<k2, which would ensure ideal first-order behavior, and a need to have k1 large enough that analysis times would not be excessively long. Our choice was to add sufficient inhibitor to reduce h1 from 0.1 to 0.005 s so that k2 = 0.055 s is 10-fold greater than the modified value of h1.This modified value of k1 corresponds to a half-life of about 138 s (ti,2 = 0.693/0.005 s). Because the multiple-linear-regression method requires data during about 1.5 half-lives of the reaction, this represents a reasonable measurement period.
Intermediate Concentration
The first-order conditions will be established only after a steady-state condition involving all intermediates in reactions 1-3 has been established.
For two consecutive first-order processes involving rate constants ha and kb, the time required to reach steady state is given by
. ln(ka/kb) For reactions1 and 2, ha hi = 0.005 s and kb
and the time required to reach steady state is about 50s.
For reactions2 and 3,ha k2 = 0.0555 and kb = 0.3s, and the time required to reach steady state is about 14s. Thus, reactions1 and 2 represent the limiting processes in terms of the time required to reach steady state, and the overall process can be expected to reach steady state and therefore to follow 2 1 apparent first-order behavior after about 50 s. Curve a in Figure 3A is a plot of absorbance vs. time for the reaction system when inhibitor has been added as described above. Curve b represents the extent to which data at different points in time deviate from a fit to a first-order model. The sm.
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Relative Enzyme Activity systematic deviation of residuals from the zero line before 50 s has elapsed illustrates the non-first-order region while the reaction is approaching steady state, and the random distribution of residuals about the zero line after 50s shows that the reaction satisfies the first-order model for times greater than 50 5.
The 50-s period required to reach steady state, as illustrated in Figure 3A , is longer than we cared to wait to begin taking data in the first-order region. Because 50 s was how long reactions la and lb took to produce enough a-D-glucose 6-phosphate to satisfy the steady-state conditions, we reasoned that we could shorten this delay by adding at the start of the reaction some of the intermediate to the reaction mixture.
Curve a in Figure 3B is the response curve (A vs. t) for a reaction with intermediate glucose 6-phosphate added initially, and curve b a plot of the residuals, which represent the deviation of data points from first-order behavior. Note that the residuals plotted in Figure 3B with glucose 6-phosphate added approach zero after only about 20s. With glucose 6-phosphate added initially, the reaction approaches first-order behavior after about 20s. We thus chose to begin data processing at 30 s after mixing.
Ideally, the amount of intermediate added should correspond to the steady-state requirement for each sample concentration.
For two consecutive first-order reactions with rate constants ha (first step) and hb,it is easily shown that the ratio, Figure SB for times shorter than 20 s. Because the conversion of a-glucose 6-phosphate to 13-glucose 6-phosphate and subsequent reaction of fl-glucose 6-phosphate with NAD is faster than the phosphorylation of glucose, the establishment of steady state via the reaction of excess glucose 6-phosphate is faster than via the formation of glucose 6-phosphate from glucose (see Figure 3,A and B) . Thus, the amount of glucose 6-phosphate added should be that needed for the most concentrated glucose sample to be analyzed.
Added Benefits
The addition of N-benzoyl-a-D-glucosamine and glucose Figure 4 . The plots in Figure 4 showing that the regression method is about 37-fold more effective than a rate method in rejecting effects of reagent variation for these particular data sets.
Relative errors for the four data-processing modes are presented in Figure 5 . Although the errors for the rate method correlate well with expected errors, resulting from changes in enzyme activity, the errors for the new kinetic method exhibit much less dependence on reagent composition. Data in Table  1 show that for enzyme activities between 0.75 and 1.5 times the reference value, and for rate constants between 4.6 and 9.0 s1, the relative error for the new kinetic method varies between -4.0 and +2.3% for the 30-180-s processing range. The 50-180-s data-processing range reduces the errors to the range of -2.3 to + 1.3%. These data confirm observations made earlier (1) that the new kinetic method is relatively insensitive to variables that influence rate constants. Data in the last column of Table 1 show that the new kinetic method is up to 50-fold more effective than the rate method in rejecting effects of variations in reaction conditions. In addition to the reduced dependency on reagent composition, the first-order regression method has the added advantage that it computes first-order rate constants that can be used to detect and flag unexpected behavior. For example, if we consider entries 3 and 4 in would easily ensure analytical errors less than ± 1.5%. This method provides an effective approach for using the rate constant as an error diagnostic, as suggested earlier elsewhere (8) .
Discussion of Error
Although one aim of this study is to quantify effects of experimental variables on the new method, another aim is to understand these effects. To better understand the origins of the errors, we need to discuss the effects of changes in solution conditionson reactionkinetics. Concentrations of NAD+ and ATP-Mg2 are well into the zero-order region for these reactants, and ±50% changes in concentrations of these species have relatively little effect on the kinetics of the reaction sequence.
However, because both hexokinase and glucose-fl-phosphate dehydrogenase activities are changed by factors of 0.5 to 1.5 times the reference value, rate constants k1 and k3 (reactions 1 and 3) should vary from about 0.0025 to 0.0075s' fork1 and from 0.15 to 0.45 s for k3. On the other hand, because reaction2 isan uncatalyzed reactionand pH and temperature are fixed, k2 is expected to remain unchanged at 0.055 s' For higher enzyme activities, the ratios k1/k2 and k3/k2 will increase; the larger k 1/k2 ratio will mean that higher concentrations of cv-D-glucose 6-phosphate will be needed to establish a steady state initially, whereas the larger k?jk2 ratiowillmean that reaction 3 will exertlessinfluenceon the overallreaction kinetics. For lower enzyme activities, the decreased k1/k2 ratio will mean that a smaller steady-state concentration of intermediate is needed, whereas the decreased h1/k2 ratio (-3/1) will mean that reaction 3 will be more involved in influencing overallreactionkinetics. Thus, the experimental variations imposed on the reactionsequence do more than justdecrease or increasereactionrates; they also influence the kinetic behavior,includingwhat time isrequired to reach steady state and what processes represent the rate-limiting steps. These observations are used to rationalize some aspects of the observed errors. One final point that merits attention is the fact that errors for increased activities are substantially less than for equivalently reduced activities. The reason for this is that the fixed data-processing ranges correspond to greater numbers of half-lives (t/t112 in 
Analysis Results
Results are reported in terms of sample concentration prior to dilution; reaction cell concentrations are 400-fold less than reported values. Uncertamties are reported at one standard deviation unless noted otherwise. Within-run errors correspond to estimated uncertainties (residuals) for the multiple-linear-regression fit of the data to a first-order model, and between-run errorscorrespond to the standard deviations of results for repeat runs on each sample.
Aqueous Standards
Response curves. Figure 3B includes a typical response curve and residuals of the A vs. t data fit to a first-order model. Each half-life corresponds to about 140 s, and the residuals approach the zero line after about 30s, corresponding to good first-order behavior afterabout 0.2 half-life. This is typical behavior for both aqueous standards and sera, except for the experiments discussed above in which reagent concentrations the agreement implied by the data.
Reproducibility.
Within-run and between-run uncertainties were evaluated at lower concentrations. For the 5.5 and 11 mmol/L glucose samples, M values of 0.0820 and 0.1650 were obtained with within-run coefficients of variation (CV) of 0.5 and 0.3%, respectively, and between-run CV's of 1.2 and 0.6%, respectively.
These uncertainties correspond to 0.4, 0.5, and 1 milliabsorbance unit, respectively. The regression and reproducibility data for aqueous standards at controlled temperature and fixed enzyme activity represent reference data against which standards assayed with different reagent concentrations and sera assayed without temperature control and with different enzyme preparations can be compared.
Serum Samples
To evaluate the first-order regression method under conditions judged to be at least as severe as would be experienced in most clinical laboratory situations, we assayed several sera at ambient temperature ('-.'22#{176}C) without temperature control and with different lots of enzyme preparation used without recalibration.
Data for absorbance vs. time were recorded at 2-s intervals for a total of 500 s for each sample, and were processed over four time intervals (see Table 2 ) by the firstorder regression method and over one time interval (50-70 s) by a linearleast-squares method analogous to a conventional initial-rate method.
Results for each of the kinetic methods were compared with hospital laboratory results obtained with an equilibrium hexokinase procedure. Hospital values for glucose concentrations ranged from 4.1 mmolIL (740 mg/L) to 24.3 mmollL (4370 mg/L). The reagent used for the kinetic method had sufficient glucose6-phosphate added for glucose up to 18.5 mmol/L. Samples containing more than 18.5 mmol/L glucose are represented by solid triangles on all plots and are treated and discussed separately.
Reproducibility.
To evaluate and compare within-run and between-run imprecision with real samples, we made six assays without temperature control on each of two sera containing 5.5 and 11 mmol of glucose per liter. Within-run CV's for the two samples averaged 0.6 and 0.3%, compared to values of 0.5 and 0.3% for aqueous samples, and between-run CV's for sera were 1.8 and 1.2%, compared to values of 1.2 and 0.6% for aqueous samples with temperature control. These between-run CV's for sera correspond to absolute uncertainties of 0.1 mmol/L (18 mg/L) and 0.13 mmol/L (24 mg/L), respectively.
Rate constant variations. Figure 6 are not readily apparent in Figure 7 for the first-order regression method but are very much apparent in Figure 8 for the rate method. The standard error of estimate quantifies the scatter and is about threefold larger for the rate results than for the firstorder regression results. As expected,the first-order regression method is more effective in reducing effects of experimental variables than is the rate method.
Methods comparison.
The next question is how well the kinetic data agree with equilibrium data reported by the hospitallaboratory.The line in Figure 7a is even at ±1SD, the intercept is different from zero to the 95% confidence level. Because the equilibrium method did not involve a blank correction, it was expected to show a positive additive bias. This bias would cause the intercept to have a small negative bias of about the same magnitude observed for these data. These data illustrate the agreement between equilibrium and kineticresultsfora reagent containing adequate intermediate.
The rest of the discussion addresses the question of how errant samples can be detected and handled.
The three dark triangles in Figure 7a lie well above the least-squares line representing the rest of the data. The least-squares line for all the data included as entry 1 in Table  2 shows that the slope is substantially larger than unity. Both the slope and the intercept are changed by amounts that are significantly larger than the 95% confidence limits for either parameter, and it is probable that the three highest points are overestimated. Because the amount of glucose 6-phosphate added was less than the amount required to establish steady state for these samples, we expected that the approach to steady state would be controlled by reaction 1 and would require about 50s to be established.
This was confirmed by an examination of residuals similar to that at curve b in Figure  3A . The regression program places too much emphasis on data 0. Table   2 .
The 500-s observation period represents about 3.6 half-lives for the reaction, during which the reaction will have gone to about 92% of completion.
Therefore, the 30-500-s data-processing interval includes data rather close to equilibrium and should represent useful reference data with which other data-processing intervals can be compared. Entries 5-7 in Table 2 
Error diagnosis.
We have suggested the possible use of the rate constant as a diagnostic of errant points. For example, the three samples with high concentrations all had 30-180-s interval rate constants that were at least 5% lower than the more accurate values determined from the 30-500-s interval and at least 10% lower than the average value of 5.00 X iO s calculated for data in Figure 6 . These differences are well outside the imprecision in individual rate constants and would be easily detected by a program for error diagnostics.
To Figure 7 , which shows that the use of the rate constant as an error diagnostic permits correction of the errant points but does not adversely affect the other data.
Although we encourage potential users of this method to use apparent first-order rate constants generated by it as error diagnostics, we discourage them from placing too much confidence in the fundamental significance of these rate constants until they have confirmed that the reaction being monitored is truly first-order. This point is illustrated by Figure 9 , which represents a comparison of rate constants computed from the 30-180-and 30-500-s intervals. Although the data were obtained from the same assay on each sample, there is substantial scatter among the data. The scatter arises because a substantial fraction of the data from which ordinate values were determined is only approaching first-order behavior, and the longer data-processing interval, from which abscissa values are determined, incorporates more of the first-order process. Because of the processes involved, rate constants tended to be underestimated for glucose concentrations <18.5 mmol/L and overestimated for concentrations >18.5 mmol/L (see Figure 6) .
Error correlations.
The remaining issue we address is, how much do concentration errors depend upon rate-constant errors? To evaluate this, we fit concentration ratios for the two intervals (y = 030...lso/C3osoo) vs. rate constant intervals (x = 3o-18o/3o--5oo) and obtained the plot in Figure 10 . The data show a high inverse correlation between concentration and rate-constant ratios, and the least-squares slope shows that about 44% of the rate-constant error is carried over into the concentration error. Note that the errors being discussed here are those resulting from deviations from first-order behavior and not those resulting from variations in temperature or other parameters that do not influence kinetic order-because the first-order regression method virtually eliminates these latter types of errors for truly first-order processes (see Figure  5 and ref. reaction conditions that permit use of the hexokinase/glucose-6-phosphate dehydrogenase coupled-enzyme system for kinetic glucose determinations, and (b) the adaptation and evaluation of a new kinetic method that has reduced sensitivity to variables that influence rate constants, e.g., enzyme activity and temperature.
Data presented here for aqueous standards and serum samples show that the first-order regression kinetic method removes one of the most serious deterrents to the use of kinetic analyses. Because the method has essentially the same dependence upon experimental variables as equilibrium methods, the analyst is free to use other criteria in choosing a method. For example, the "inconsistency of commercial enzyme preparations" (2) should not be a serious consideration, and the criticism of "lower accuracy" (3) is much less valid for this method than for conventional kinetic methods.
If a kinetic method offers advantages of speed, selectivity, and reduced effects of side reactions, unstable products, etc., then these advantages can be exploited with the regression kinetic method described here without concern that the method will be less rugged than an equilibrium method based on the same reaction system because, in essence, this approach provides the results of an equilibrium method without the need to allow the reaction to go to equilibrium.
This method greatly reduces concern about unexpected activators and inhibitors, Unfortunately, we have been unable to find a commercial source for this enzyme.
